simple and fast step to save costs and to enhance control over the electro-spinning process of collagen. Furthermore, we believe that the solubility test should be introduced prior to any collagenous matrix preparation in order to ensure reproducibility and accuracy.
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Abstract-Collagen is the main component of the extra-cellular matrix and has been utilised for numerous clinical applications in many forms and products. However, since collagen remains a natural animal-derived biopolymer, variation between batches should be addressed and minimised to ensure reproducibility of the fabrication process. Recently, electro-spinning of collagen has been introduced as a leading technique for the production of bio-mimetic nano-scale scaffolds for tissue-engineering applications. However, no protocols are available that would allow comparisons of the quality of different collagen raw materials prior to the electro-spinning process. In order to bridge this gap we assessed the solubility of various freeze-dried collagens in 0.5 M acetic acid and analysed the solved collagen by gel electrophoresis. We show that raw material of limited solubility in acetic acid will not render high quality electro-spun nano-fibres using hexafluoropropanol. In particular, insoluble collagen directly failed to produce nano-fibres, collagen of reduced solubility produced fused nanofibres with limited inter-nano-fibre space, whilst purified type-I collagen of high solubility produced smooth, reproducible nano-fibres. Gel electrophoresis confirmed the amount of solubility, as well as qualitative differences in terms of collagen cross-links and collagen types. We recommend this * Current Address: Immunology Programme, Department of Microbiology, Yong Loo Lin School of Medicine, National University of Singapore, 117456, Singapore.
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INTRODUCTION
One of the most important considerations in the fabrication of a scaffold is the choice of the starting material. The physical properties of the material in its scaffold configuration and biological activity should match the tissue being replaced [1] . Of the most commonly used materials, the only one occurring in the human body is collagen. Collagen is an inherent component of all body tissues, constituting 20-30% of the total body protein and is the main load-bearing structure of connective tissues [2 -5] . The body, therefore, perceives collagen as a normal constituent rather than a foreign matter [6] , therefore making it a leading raw material for tissue-engineering applications. Although advancements in purification methods and analytical assays have essentially assured minimal immunogenicity [7] , collagen still remains an animal-derived material. It is obtained through a quite complicated extraction process that harbours a number of critical steps that, if not attended appropriately, could lead to impaired reproducibility and reduced the quality of the final material ( Fig. 1) . Therefore, the introduction of a simple and accurate quality control test that will ensure reproducibility over the collagen preparations remains of paramount importance.
Recently, polymeric nano-fibres fabricated by electro-spinning have received great interest for tissue-engineering applications. Such materials aim to mimic the morphology of natural fibres [8] with diameter ranges from several micrometers down to less than 100 nm, matching the in vivo diameter of collagen fibrils ranges from 20 nm to 40 µm [9 -11] . Furthermore, they have a very high porosity and surface area to mass ratio, which facilitate cell attachment and growth [12] . Despite these facts, there is limited literature on the fabrication of collagen nano-fibres [12 -17] and no data are available on how to assess the quality of the raw material. Therefore, we investigated the suitability of freeze-dried collagen from different suppliers for electro-spinning and herein we demonstrate a correlation between the raw material's solubility in acetic acid and gel electrophoretic purity with the quality of the electro-spun nano-fibres. Based on our results we recommend a fast, accurate and economical quality control test for the final freeze-dried collagen prior to electro-spinning.
MATERIALS AND METHODS

Materials
Purified type-I freeze-dried bovine dermal atelocollagens were obtained from Koken (Tokyo, Japan) and Symatese Biomateriaux (Chaponost, France). Type-I freeze-dried collagens were obtained from Sigma-Aldrich (Singapore; calf skin; catalogue No. C-9791; lot No. 05K7042), Fluka (Singapore; bovine Achilles tendon; catalogue No. 27662) and Yi Erkang (Beijing, China; bovine Achilles tendon). Finally, in-house type-I freeze-dried atelocollagen from porcine Achilles tendon was utilised for comparison. Unless noted otherwise, all chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Collagen extraction
In-house porcine Achilles tendon atelocollagen was extracted as has been described previously [18] . Briefly, frozen minced tendons were washed in neutral phosphate buffers and suspended in acetic acid in the presence of porcine gastric mucosa pepsin (2500 U/mg, Roche Diagnostics Asia Pacific, Singapore); enzyme to initial (tendon) wet weight ratio 1:100. Consequently the collagen suspension was centrifuged (IEC, Centra CL3R refrigerated centrifuge, Thermo Electron Corporation, Mecomb, Singapore) and purified by repeated acid-salt precipitation followed by dialysis. The final collagen solution was freeze-dried (Advantage, VirTis; Scimed Asia, Singapore) and stored at −20 • C. The collagen purity was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, see below).
Collagen solubility
The freeze-dried collagens were dissolved in 0.5 M acetic acid (1 mg/ml) for 30 min at room temperature. Subsequently, the suspension was centrifuged for 15 min at 13 326 × g at 4 • C in a Biofuge Fresco (Heraeus Instruments, Hanau, Germany). Visual inspection of solubility was carried out using a light box and high-resolution photos were taken with a Nikon DS70s SLR camera (6.2 MB). Both supernatants and pellets were subjected to SDS-PAGE (see below) for collagen analyses.
SDS-PAGE
Supernatants (obtained from the solubility experiment) in acetic acid were neutralised with 1 M NaOH and prepared for SDS-PAGE by adding adequate amounts of 4 × sample buffer for pre-cast NuPage 3-8% Tris-acetate poly-acrylamide gels of 1 mm thickness. Gels were run with the XCell Surelock Mini-Cell apparatus (Invitrogen, Singapore) at 150 V for 70 min. Protein bands were stained with the SilverQuest™ kit (Invitrogen, Singapore) according to the manufacturer's protocol. Densitometric analysis of wet gels was performed on the GS-800™ Calibrated Densitometer (Bio-Rad, Singapore) with the Quantity One v4.5.2 image analysis software (Bio-Rad, Singapore). Collagen bands were quantitated by defining each band with the rectangular tool with local background subtraction.
Electro-spinning
The procedure for electro-spinning of collagen is summarised in Fig. 2 . A 3-ml syringe (B-D, internal diameter 21 G1/2) containing collagen dissolved in 1,1,1,3,3,3-hexafluoropropanol (HFP, 50 mg/ml) was inserted into a syringe pump (KD-Scientific, Holliston, MA, USA), which was set at 1.2 ml/h. Upon application of high voltage (12 kV) (Gamma High Voltage Research, Ormond Beach, FL, USA) between the syringe needle (B-D, internal diameter 27 G1/2) and the collector (12 cm distance), the solvent was evaporated and the nano-fibres were deposited on the cover-slips located on the collector. All experiments were carried out at room temperature (24-28 • C) and 55-73% relative humidity.
Ultrastructural nano-fibre morphology
The morphology of the electro-spun collagen nano-fibres was evaluated using a QuanTA 200F Jeol Scanning Electron Microscope (SEM) (FEI Company, Hillsboro, OR, USA) after gold sputtering with a Jeol JFC-1600 Auto Fine Coater (Tokyo, Japan).
RESULTS
Collagen solubility and purity
The solubility of collagen depended on the supplier (Fig. 3) . Material from Koken, Symatese and the in-house extractions easily dissolved in acetic acid without leaving a visual pellet after centrifugation (Fig. 3a) . In contrast, the Sigma sample produced a pellet after centrifugation (Fig. 3b ), whereas Yi Erkang and Fluka collagens formed cotton-like residues that neither would dissolve nor could be pelleted (Fig. 3c ). The solubility results were confirmed using SDS-PAGE. Figure 4 illustrates the differences in collagen content in solution between the Sigma and Koken collagens in comparison with the relatively insoluble collagens from Yi Erkang and Fluka. A low amount of collagen was observed with the Fluka preparation; however, no collagen was detected in the supernatant of the Yi Erkang material. We confirmed that the insoluble pellets/fractions were actually collagen by dissolving them in SDS-containing loading buffer followed by SDS-PAGE (data not shown). Interestingly, in a further comparison between the completely soluble collagens, by SDS-PAGE, the Symatese collagen bands were observed to migrate more slowly than those from Koken and in-house collagen bands (Fig. 5 ). In addition, the inhouse collagen, which was from porcine Achilles tendon, demonstrated the lowest level of cross-linking of collagen bands, evident by the weaker staining of the high-molecular-weight β-and γ -bands. The Symatese material showed the lowest relative level collagen V and a higher ratio of α 1 (I)/α 2 (I) bands indicative of a higher proportion of α 1 (I) homotrimers ( 
Collagen electro-spinning and matrix morphology
The ability to electro-spin collagen and to reproducibly generate quality fibrillar scaffold structures was dependent on the solubility of collagen. Insoluble collagens such as from Yi Erkang and the Fluka failed to produce nano-fibres, whilst the low solubility Sigma collagen generated fused nano-fibres with small internano-fibre space (Fig. 6d) . Superior nano-scaffolds were derived from the inhouse (Fig. 6a) , Symatese (Fig. 6b) and Koken (Fig. 6c ) collagens. Indeed, the SEM micrographs demonstrate randomly orientated, interconnected and smooth nano-fibre morphology. Their mean nano-fibre diameters were in the range of 495-665 nm with a mean diameter of 495 ± 78 nm for Symatese, 564 ± 131 nm for in-house and 665 ± 150 nm for Koken-derived collagens.
DISCUSSION
Considerable attention has recently been given to the fabrication of nano-fibre scale materials for tissue engineering applications. Such materials benefit from the very high porosity and surface area to mass ratio, which assist cell attachment and growth [12] . In addition, collagen possesses many desirable features such as high tensile strength, high biodegradability, low antigenicity and ability to promote Collagen solubility testing, an essential quality assurance step 1315 cellular attachment and growth and consequently tissue healing and regeneration [19 -24] .
In this study, we evaluated different collagen sources for electro-spinning and an essential acidic solubility quality control step prior to electro-spinning of collagen was introduced. The expensive and strong solvent HFP was replaced by a classical and a milder solvent for collagen, acetic acid due to the misleading effect of HFP on the solubility of freeze dried collagen preparations. It became evident that although the tested preparations were readily soluble in HFP, this did not reflect on the quality of the produced nano-fibres; the Yi Erkang and Fluka collagens failed to produce nano-fibres, whilst the Sigma collagen resulted in inadequate nano-fibres, characterised by limited inter-nano-fibre space, which in turn would affect the cell attachment and growth. However, the introduction of the acetic acid solubilisation test demonstrated that only highly purified collagens from Koken, Symatese and the in-house preparation resulted in high quality reproducible nanoscaffolds. Therefore, the acidic solubilisation of collagen is a good surrogate indicator of the quality of collagen raw material and of the "electro-spinnability".
The surprisingly different degrees of collagen solubility can be explained with differences in the manufacturing process ( Fig. 1) . As the main variable we would see freeze-drying and its intricacies. Incorrect freeze-drying processes (in particular with poor temperature management) may render the collagen partially or totally insoluble without however changing the polypeptide composition [25] . Variabilities here would possibly lead to unpredictably lower solubilities and thus lower concentrations than those required for the production of consistent, reproducible nano-fibres.
Another factor influencing the raw material properties is the age of the animal from which the collagen was derived. Collagen undergoes non-enzymatic crosslinking over the life-time of an organism. While inter-molecular cross-links of the aldimine type are dissociated by dilute acids, those of the age-related keto-imine type remain intact [6, 11, 26, 27] . Therefore, it could be assumed that the Fluka, Yi Erkang and Sigma collagens were obtained from older animals providing another reason for the insoluble material we encountered.
As an interesting observation, we found that the three well-soluble freeze-dried collagen preparations yielded, under identical electro-spinning conditions, nanofibres of different dry diameter in the order of Symatese < in-house < Koken. From in vivo studies it is known that the specific location/organ from which collagen is extracted plays a role in fibre thickness, for example tendons exposed to heavy mechanical loading (Achilles) show the thickest fibres in comparison to tissue structures exposed to lighter loads [9] . In vivo studies also suggest that the fibril diameter increases during aging [28, 29] . In our hands, we had no evidence for similar correlations under electro-spinning conditions as the preparation from Koken produced nano-fibres with far larger diameter (and variability) than the Symatese collagen, despite apparent equal degree of cross-linking, whilst the in-house material with the smallest apparent degree of cross-linking produced intermediate diameters (Table 1) . A striking finding, however, was the retarded electrophoretic mobility of all collagen bands of the Symatese material although being derived from the same species (and organ) as the Koken material. Currently, we can only speculate that this might be due to differences in glycosylation or glycation, with the first modification possibly related to the race, and the second to the average age of the animals used. Collagen preparations that fail this test should not be used for scaffold manufacture, since reproducibility will be compromised.
CONCLUSIONS
We have introduced a quality control step for the collagen raw material for electrospinning. Although this test was put under the microscope for the production of electro-spun collagen nano-fibres, we have no reason to doubt its accuracy for any other collagen-based scaffolds. Collagen that does dissolve well in a mild and affordable solvent such as acetic acid can be predicted to be well soluble in strong and expensive organic solvents like hexafluoropropanol (HFP). However, the solubility of collagen in HFP does not reflect its solubility in acetic acid. Gel electrophoresis is an additional valuable tool to render information of the collagen raw material used and to ensure constant results. Although this quality control step was investigated for the production of nano-fibres through electro-spinning due to the utilisation of the strong solvent HFP, we recommend this step to be carried out prior any collagenous-scaffold preparation as a quality assurance measure.
